Impedance spectroscopy is used to investigate the long-range ionic conductivity of the microporous, zincosilicate VPI-9 (Si/Zn ) 4.0) ( . Monovalent cation-exchanged samples Li-and Na-VPI-9 lose X-ray crystallinity upon vacuum dehydration at 450°C, whereas K-, Rb-, and Cs-VPI-9 remain crystalline and exhibit conductivities of 1.7 × 10 , and 4.9 × 10 -4 S/cm, respectively, at 450°C and activation energies of 0.72, 0.64, and 0.69 eV, respectively, in the temperature range 150-450°C. Divalent cation-exchanged sample Mg-VPI-9 also loses X-ray crystallinity, but Ca-and Sr-VPI-9 remain crystalline and exhibit conductivities of 2.3 × 10 -6 S/cm and 7.7 × 10 -7 S/cm, respectively, at 450°C, and activation energies of 0.88 and 0.91 eV, respectively, over the temperature range 150-450°C
Impedance spectroscopy is used to investigate the long-range ionic conductivity of the microporous, zincosilicate VPI-9 (Si/Zn ) 4.0) (International Zeolite Association framework type VNI) containing the alkali cations Li . Monovalent cation-exchanged samples Li-and Na-VPI-9 lose X-ray crystallinity upon vacuum dehydration at 450°C, whereas K-, Rb-, and Cs-VPI-9 remain crystalline and exhibit conductivities of 1.7 × 10 , and 4.9 × 10 -4 S/cm, respectively, at 450°C and activation energies of 0.72, 0.64, and 0.69 eV, respectively, in the temperature range 150-450°C. Divalent cation-exchanged sample Mg-VPI-9 also loses X-ray crystallinity, but Ca-and Sr-VPI-9 remain crystalline and exhibit conductivities of 2.3 × 10 -6 S/cm and 7.7 × 10 -7 S/cm, respectively, at 450°C, and activation energies of 0.88 and 0.91 eV, respectively, over the temperature range 150-450°C
. When compared to aluminosilicate zeolite X (Si/Al ) 1.25) exchanged with the same cations, all crystalline M-VPI-9 materials have greater conductivities than M-X, with the exception of K-X (1.6 × 10 -3 S/cm at 450°C ), with the greatest differences arising between the divalent exchanged materials. Dense, crystalline zincosilicate samples with the compositions K 2 ZnSi x O 2(x+1) (x ) 2-5), Rb 2 ZnSi 5 O 12 , and Cs 2 ZnSi 5 O 12 are also prepared and characterized for comparison with the microporous materials and exhibit much lower conductivities than their microporous counterparts at the same composition.
Introduction
Although zeolites and zeolite-like materials have been used in ion exchange, adsorption, and catalytic applications for decades, new potential applications continue to arise, 1 including low-k dielectric films for microelectronics, 2 proton conductors in fuel cells, [3] [4] [5] [6] anticorrosion 7 and antimicrobial 8 coatings, and small-molecule drug delivery agents. 9 Microporous materials exist in which the [ 4-. The incorporation of tetrahedrally coordinated zinc into the silica framework creates two anionic framework sites per zinc atom, and as in the aluminosilicates, these anionic sites must be balanced by positively charged entities. This is schematically shown in Figure 1 for the case of sodium-exchanged materials. The first synthetic, microporous zincosilicates were prepared in the mid 1990s in the search for lower-framework-densitymaterialsandincludeVPI-7, 10 VPI-8, [11] [12] [13] VPI-9, 14-16 VPI-10, CIT-6, 17-19 and RUB-17, 20 among others. Of the known high-zinc-content zincosilicates, VPI-7, VPI-9, VPI-10, and RUB-17, there are no pure-silica or aluminosilicate analogs because of the high number of three-membered rings (3MRs). VPI-9 has all of the tetrahedrally coordinated zinc located within these 3MRs that are ordered throughout the crystalline, microporous framework. 16 The ordering of the zinc leads to ordering of the charge-balancing cations in the channels of the three-dimensional pore network. VPI-9 does not contain cages like the high-charge-containing zeolites. Figure 1 also illustrates the absence of internal cages in VPI-9 in comparison to the presence of the smaller cages and larger R cages in zeolite X or Y. Because of this unique, long-range ordering and the fact that the framework zinc imparts two anionic framework charge centers per zinc atom, it is of interest to study the ionic conductivity (because the zincosilicate framework is electronically insulating) arising from the charge-balancing cations within the pores of VPI-9. Although reports on the ionic conductivity of various cations exist for a handful of the known aluminosilicates, containing single anionic frameworks sites from framework aluminum, only one report on potential conductivity arising from octahedrally coordinated titanium sites in ETS-10, a non-zeolite, microporous, crystalline solid, has appeared. 21 A method for measuring ionic conductivity is impedance spectroscopy, in which a sinusoidally varying voltage is applied across the sample of interest, and the current flowing through the sample is measured as a function of the sinusoidal frequency. The complex impedance (Z*) is then calculated by dividing the complex voltage by the complex current, as a function of frequency. A typical model for ion transport through a grain of Figure 1 . Schematic representation of anionic sites arising from framework zinc in VPI-9 versus anionic sites arising from framework aluminum in zeolite X. powdered material is the parallel combination of a resistor and capacitor, which in the frequency domain (after applying the Laplace transform) traces out a semicircle in the complex (-Z′′ vs Z′) plane as a function of frequency. The conductivity of the sample is then calculated by geometrically scaling the low frequency intercept of the semicircle with the Z′ (real) axis. In practice, the low-frequency, Z′, intercept may be a combination of impedances, such as intragrain and grain boundary impedances, although a powerful aspect of impedance spectroscopy is the ability to separate various contributions to the overall impedance if the time constants for the various processes are well-resolved. When impedance data are collected as a function of temperature, activation energy for transport, E A , can be measured by fitting conductivity data to eq 1, where k is Boltzman's constant, E A is the activation energy, σ is the conductivity, σ 0 is the pre-exponential factor, and T is the temperature in Kelvin.
Zeolite X and zeolite Y (framework topology FAU) have received considerable attention and exhibit among the best reported ionic conductivities among zeolites and zeolite-like materials.
22-37 Numerous research efforts have been devoted to characterizing the ion conducting properties of zeolite X and Y, as well as understanding internal relaxation properties occurring within the R cages of these zeolites. Zeolites X and Y have also been used as standards in characterizing new materials, and data on zeolite X are presented herein alongside the VPI-9 data, and in the Supporting Information in modulus representation.
Here, impedance spectroscopy has been used to study the ion conducting properties of microporous zincosilicate VPI-9 containing various mono-and divalent cations over the temperature range 25-450°C. Comparisons to zeolite X are presented, and activation energies are reported. In addition, dense zincosilicate samples containing potassium, rubidium, and cesium have been prepared and characterized using impedance spectroscopy, with results presented for comparison to porous VPI-9.
Experimental Section
2.1. VPI-9 Synthesis and Ion Exchange. VPI-9 was synthesized according to a published procedure. 16 In short, a reaction mixture with the composition 0.6 RbOH/0.3 KOH/0.08 TEAOH/0.04 ZnO/1.0 SiO 2 /22 H 2 O was prepared by combining the inorganic and organic cations in water, followed by the addition of zinc oxide. Silicon dioxide (Syloid 63, GRACE Davison, Columbia, MD) was then added, and the resulting mixture was stirred for 2 h. The final reaction mixture was loaded into Teflon-lined, stainless steel autoclaves (Parr, Parr Instrument Co., Moline, IL) and allowed to crystallize under autogenous pressure, statically, at 200°C in convection ovens for 5 days. Rubidium hydroxide (50 wt %, aq), potassium hydroxide (45 wt %, aq), tetraethylammonium hydroxide (TEAOH, 35 wt % aq), and zinc oxide were purchased from Aldrich (St. Louis, MO), and the water used in the synthesis and later ion exchange was deionized and distilled (DDI). After crystallization, the bombs were removed from the convection ovens and quenched in cold water. Crystallized products were collected by vacuum filtration, washed with DDI water, dried at 100°C, and ground with a mortar and pestle.
Ion exchange of VPI-9 and zeolite X (Aldrich, Si/Al ) 1.25, sodium form) was accomplished by repeatedly contacting powder samples with 1 M aqueous solutions of nitrate or chloride salts of the desired cation. A typical exchange cycle was 1 g of powder to 20 mL of solution contacted for 24 h at 37°C on a shaker table. For each subsequent exchange cycle, samples were decanted, and 20 mL of fresh solutions were added. Exchange was monitored semiquantitatively by energy dispersive spectroscopy (EDS).
2.2. Synthesis of Dense Zincosilicates. Four dense zincosilicate samples were synthesized in accordance with published procedures, [38] [39] [40] and the remaining two were prepared using the same high temperature method as above, but not hydrothermally, as reported in literature. 41, 42 The desired alkali metal carbonate (Aldrich, 99.999%), zinc oxide (Aldrich, 99.999%), and silicon dioxide (Aldrich, 99.995+%) were mixed in the appropriate molar quantities and ground with a marble mortar and pestle to ensure good mixing. The powders were then loaded into a platinum crucible and heated to 750°C for 12 h to decompose the carbonates. Samples were then heated to a temperature above their melting temperature (see Table 1 ), held there for 12 h, slowly cooled to 650°C, and then allowed to cool to room temperature. Upon removal from the platinum crucible, all samples appeared glassy. The resulting materials were ground to fine powders, pressed axially into pellets with a hydraulic press between tungsten carbide dies, and heated to a crystallization temperature (see Table 1 ) for 60 h. This process was repeated until no changes in the powder X-ray diffractograms were observed from subsequent firings.
2.3. Powder X-ray Diffraction. Powder X-ray diffraction patterns were obtained using a Scintag XDS 2000 (Cupertino, CA) with Cu ΚR radiation (40 kV, 36 mA).
Step sizes were generally 0.04°with accumulation times of 0.5-1 s. Pelletized samples were mounted on modeling clay and leveled with a glass slide.
2.4. Energy Dispersive Spectroscopy. Energy dispersive spectroscopy was used to monitor ion exchange and estimate the final composition of all samples. EDS was performed using a LEO 1550 VP (Peabody, MA) field emission SEM equipped with an Oxford (Tubney Woods, Abingdon, Oxfordshire, UK) INCA 300 X-ray energy dispersive spectrometer system. 2.5. Impedance Spectroscopy. Powder samples were prepared for impedance spectroscopic (IS) characterization by axial hydraulic pressing between 13 mm tungsten carbide dies. All samples were pressed with 12 000 lb of force and measured 300-600 µm in thickness. It was experimentally determined that pressing above 8000 lb led to consistent results, regardless of further applied force. VPI-9 and zeolite X samples were used as-pressed, but dense samples were sintered to produce mechanically stable pellets and decrease grain boundary impedances. See Table 1 for sintering temperatures. Gold contacts were then masked, and vacuum-sputtered onto both sides of the pellet to ensure good electrical contact with the samples and eliminate interface impedance effects. See the Supporting Information for further details.
A vacuum system and probe were constructed for sample characterization. The probe consisted of an alumina sample holder with platinum contacts. The bottom contact was a flat plate, and the top contact was a rounded platinum rod used to gently touch the masked 4 mm gold contact through a thin 3 mm diameter platinum disk. The probe was spring-loaded for the application of light force. An electrically insulated thermocouple was mounted within 1/8′′ of the bottom electrode to accurately measure the sample temperature, and a ceramic fiber heater was used to change the temperature of the sample and holder. The sample cell was mounted to a modified Novocontrol (Hundsangen, Germany) BDS1200 sample cell, and short platinum wires formed the electrical connections between the platinum contacts and the coaxial vacuum lines of the BDS12000. See the Supporting Information for a photograph. A Solartron (Solartron Analytical, Farnborough, Hampshire, UK) 1260A Impedance/Gain-Phase analyzer connected to a Solartron 1296A dielectric interface was used to measure the impedance of the sample, in conjunction with the Solartron SMaRT software.
Prior to characterization, all samples were heated to 450°C under high vacuum (1 × 10 -6 to 7 × 10 -6 Torr) for at least 12 h to ensure proper dehydration. Measurements were then made in decreasing temperature increments with 10 points per decade of frequency.
Results and Discussion
3.1. Ion Exchange of VPI-9 and Zeolite X. EDS was used to analyze the composition of the exchanged VPI-9 and zeolite X samples. Table 2 shows the results obtained. Sample compositions have been normalized to silicon. Lithium is not detectable by EDS, so lithium exchange was monitored and inferred by the disappearance of potassium and rubidium in VPI-9 and sodium in zeolite X. Peaks arising from strontium and silicon overlap in the EDS spectra, so strontium exchange was also monitored by the disappearance of the aforementioned elements. VPI-9 and zeolite X containing alkali metals as the charge balancing cation all appear slightly deficient in the alkali cation. This may be an artifact of the EDS method because alkali-exchanged zeolite X and potassium-, rubidium-, and cesium-containing dense zincosilicates exhibit similar deficiencies. Magnesium-and calcium-exchanged samples appear closer to the as-expected 1:1, M/Zn (M ) Mg, Ca). With the exception of Sr-VPI-9, in which occasional grains contained trace potassium (less than 1 atomic %), all exchanges appear quantitative. Zeolite X, however, is known to not fully exchange with all alkali and alkaline earth cations, and the exchange levels achieved correspond to the maximum exchange levels, as suggested by Breck. 43 Quantitative exchange was achieved in K-X, Ca-X, and Sr-X. All materials characterized by EDS also show an excess of oxygen, perhaps another artifact of the analytical methodology.
3.2. Powder X-ray Diffraction Patterns of M-VPI-9. Powder X-ray diffraction was performed after ion exchange to confirm that diffraction patterns were consistent with the assynthesized VPI-9 parent material and with published X-ray data. 16 Powder X-ray diffraction patterns for the VPI-9 materials are shown in Figure 2a , and although there are slight shifts in peak intensity and position as the charge balancing cation changes, as was first observed in VPI-7 by Annen, 44 the VPI-9 framework remains intact, perhaps with the exception of magnesium-exchanged VPI-9, which exhibits a larger decrease in peak intensity when compared to all other samples.
After vacuum dehydration at 450°C and subsequent impedance spectroscopic characterization, diffractograms of pelletized samples were collected and are shown in Figure 2b . In all samples, the peak appearing near 38.5°arises from the gold top contact. Although peak intensities are decreased in comparison to the respective powder samples due to a reduced sample area and partial gold coating, samples of strontium-, calcium-, cesium-, rubidium-, and potassium-exchanged VPI-9 retain their crystallinity upon dehydration. Magnesium-, sodium-, and lithium-exchanged samples become X-ray amorphous upon dehydration, and this is further reflected by their significantly decreased conductivities (shown later) in comparison to the exchanged VPI-9s that remain crystalline. Dehydration at 350°C was attempted in an effort to not destroy the VPI-9 structure in Mg-, Na-, and Li-exchanged samples, but pellets were found to be X-ray amorphous, even after this more mild dehydration. Diffractograms of dehydrated zeolite X samples (not shown) all remained crystalline and exhibited the wellknown FAU diffraction pattern. b Strontium and silicon peaks overlap in EDS spectra, and an accurate separation could not be made.
c ND: no sodium was detected in sample. Figure 2. (a) Powder X-ray diffractograms of ion-exchanged VPI-9 showing, with perhaps the exception of Mg-VPI-9, that VPI-9 structure is maintained after ion exchange. (b) X-ray diffractograms of vacuumdehydrated pellets of ion-exchanged VPI-9 samples. Li-, Na-, and Mg-VPI-9 become X-ray amorphous.
Impedance Spectroscopy.
Impedance spectroscopy is performed to investigate the ionic conductivity of VPI-9 (and zeolite X) exchanged with various alkali and alkaline earth cations. Using a parallel plate capacitor structure, the impedance is measured, and the conductivity is extracted by scaling the direct current DC resistance with the cross-sectional area of the capacitor structure and thickness of the pellet, typically 300-600 µm. Typical impedance spectra are shown in Figure 3 for potassium-exchanged VPI-9 and zeolite X at 350°C, and data exhibit a high frequency, depressed semicircle, and the often observed low-frequency tail indicative of ionic conductivity (normally attributed to the ionically blocking nature of gold or other metallic contacts). The DC resistance of each sample is read from the low-frequency intercept of the semicircular arc with the real axis or by curve-fitting a semicircular arc to the data and extrapolating to the Z′ axis. Although curves for both K-VPI-9 and K-X are shown in the same figure, note the different scales for each curve (the K-VPI-9 pellet exhibits a larger resistance than the K-X pellet).
A modulus representation (not shown) of data from powdered VPI-9 materials (see Supporting Information for further discussion) shows only one low-frequency peak associated with longrange conduction processes and sample preparation, suggesting either an absence of internal relaxation processes or that the presence of internal relaxation processes are beyond the frequency resolution of the available electronics. The absence of cages in VPI-9 may lead to the absence of internal relaxations, although published modulus spectra from proton-exchanged zeolite beta samples, which also lack cages, show two peaks. 45 Therefore, data are presented in impedance representation. Lines connecting the data points are for the eyes' guidance and are not fitted curves.
Ionic Conductivity and Activation Energy in M
+ -VPI-9. Impedance spectra recorded from 450°C to room temperature were used to calculate the conductivity of each sample as a function of temperature, and the data, presented in terms of the product of the DC conductivity, σ DC , and the temperature are plotted versus the inverse temperature in Figure 4a for monovalent-cation-exchanged samples and in Figure 4b for divalentcation-exchanged samples. Open markers indicate zeolite X samples; filled markers correspond to VPI-9 samples. All samples display activated transport behavior; that is, decreasing conductivity with decreasing sample temperature. To help elucidate trends in conductivity with ionic radius, the conductivity of each ion-exchanged sample, measured at 400°C, is plotted versus the ionic radius for both mono-and divalent-exchanged samples of VPI-9 and zeolite X in Figure 5a . The activation energy for each sample is extracted from the slope of the corresponding line, and these values are reported in Figure 5b . Sodium-and potassium-exchanged zeolite X possesses the highest conductivity among the alkali-exchanged X zeolites. The lithium cation, although smaller than the sodium and potassium cations, has less mobility within the zeolite X framework, and this has been attributed to stronger electrostatic interactions of the small lithium cation with the anionic framework sites when compared to the larger and more delocalized sodium and potassium cations. 28 For the cases of rubidium and cesium cations that are even more delocalized than sodium and potassium cations, cation-cation interaction, due to their increased ionic radii, has been suggested as a potential reason for the increased activation energy because the activation energy has been shown to monotonically decrease from lithium to cesium in zeolite Y, 28, 37 where the cations are, on average, spaced further apart than in zeolite X due to the reduced number of anionic aluminum framework sites. Further spacing between cations reduces contributions to the activation energy from cation-cation repulsion, and the activation energy is dominated by electrostatic interaction of the charge balancing cation with the anionic framework site. In monovalent-cation-containing VPI-9, lithium-and sodium-exchanged samples lose crystallinity upon vacuum dehydration (data in Figure 4 , indicated by arrows) and will not be discussed further. Potassium-, rubidium-, and cesium-exchanged VPI-9 retain crystallinity upon dehydration. Rb-VPI-9 shows the highest conductivity, followed by Cs-VPI-9 and K-VPI-9. One plausible explanation for this trend is that the increased size of rubidium leads to reduced electrostatic interaction with the anionic framework sites, thus increasing the ease with which Rb + moves from site to site. Although the Cs + would have even lower electrostatic interaction than Rb + , Figure 3 . Typical impedance spectra showing high-frequency semicircular arc and low frequency "tail" arising from contact effects. Notice the different scales for potassium-exchanged zeolite X and potassiumexchanged VPI-9. sterics or ion-ion interactions in the small pores of VPI-9 may adversely affect the conductivity of the larger cesium ion. Potassium-exchanged VPI-9 has a lower conductivity than potassium-exchanged zeolite X, but both cesium-and rubidiumexchanged VPI-9 exhibit higher conductivity than cesium-and rubidium-exchanged zeolite X, respectively. The data most likely underexaggerates this higher conductivity in VPI-9 materials compared to corresponding zeolite X materials because cesium and rubidium exchange in zeolite X were not complete (Cs and Rb are too large to enter the small cages), and fast-moving, residual sodium can significantly contribute to the overall conductivity. In Rb-VPI-9 and Cs-VPI-9, the exchange appears complete by EDS and measured conductivity values reflect the conductivity of the desired cation. Activation energies from K-, Rb-, and Cs-VPI-9 follow a trend that is opposite their conductivities with the activation energies order Rb-VPI-9 < Cs-VPI-9 < K-VPI-9. Activation energies measured here for alkali-exchanged zeolite X are in accordance with previously reported values; for example, 0.56 eV for Na-X. 26, 28, 37 As the data in Figure 5b show, activation energy is a concave function of cation radius for both the VPI-9 and zeolite X, exhibiting a minimum in activation energy, Rb + for VPI-9 and K + for zeolite X, and contrary to the monotonically degreasing trend observed in zeolite Y. Other highalumina-content materials also reveal this concave-shaped trend.
46,47 Potassium-exchanged VPI-9 exhibits a higher activation energy than K-X, 0.72 eV versus 0.55 eV, but rubidiumand cesium-exchanged VPI-9 show lower activation energies than the respective exchanged zeolite X samples; that is, 0.64 and 0.66 eV for rubidium-exchanged VPI-9 and X, respectively, and 0.69 versus 0.71 eV for cesium-exchanged VPI-9 and X, respectively. It is suggested that activation energies measured for the present rubidium-and cesium-containing zeolite X materials, which contain residual sodium, are lower than activation energies that would be measured for fully exchanged rubidium and cesium X samples, could full exchange be achieved. Figure 5a also shows the experimentally measured conductivities for VPI-9 and zeolite X exchanged with divalent alkaline earth cations, Mg 2+ , Ca
Ionic Conductivity and Activation Energy in M 2+ -VPI-9.

2+
, and Sr
. Mg-VPI-9 becomes amorphous upon vacuum dehydration. The arrows in Figure 5a and 5b indicate data for this sample. Zeolite X exchanged with divalent cations has been reported to exhibit low conductivity, 37 and similar results are observed here with conductivities below 10 -10 S/cm at 400°C for magnesium-, calcium-, and strontiumcontaining samples. By comparison, calcium-and strontiumcontaining VPI-9 exhibit conductivities approaching 10 -6 S/cm at 400°C, an improvement of nearly 4 orders of magnitude. This is quite impressive, considering the decreased number of anionic framework sites and the reduced overall framework charge density in VPI-9 (Si/Zn ) 4, Si/-) 2 where "-" indicates a -1 framework charge) compared to zeolite X (Si/ Al ) 1.25, Si/-) 1.25). The two anionic framework sites created by each zinc and the arrangement thereof must play a fundamental role in facilitating divalent ion transport in the microporous zincosilicate VPI-9. It should be noted, however, that the conductivity measured in divalent-cation-exchanged VPI-9 is 1-2 orders of magnitude lower than the conductivity measured for monovalent-cation-exchanged VPI-9.
The activation energies for Ca-VPI-9 and Sr-VPI-9 are 0.88 and 0.91 eV, respectively, and are also reduced compared to those calculated for Ca-X and Sr-X (1.19 and 1.64 eV, respectively). One potential explanation for greater conductivity and reduced activation energy in VPI-9 is that each framework zinc creates two anionic framework sites in close proximity to one another. Each framework zinc can, therefore, act as an individual hopping site for a divalent ion. Furthermore, because the Si/Zn is low and zinc is ordered in the VPI-9 structure, welldefined conduction paths may be present, although computational work in accordance with work by Franke on proton hopping in H-ZSM-5 48 would be helpful for obtaining a more detailed explanation. In zeolite X, however, the anionic framework sites are created by framework aluminum and are univalent. To minimize the overall free energy of the framework and charge-balancing cations, two of these univalent sites must be in an appropriate arrangement to electrostatically charge balance a divalent ion, and many different spatial arrangements (from the geometry of the framework and distribution of aluminum among the T sites) are envisioned, each with a different potential energy landscape for ion hopping. Simplified 2-dimensional schematics illustrating this concept are shown in Figure 6a -c for the case of calcium ion charge balancing framework zinc (6a) and two hypothetical situations for calcium ion charge balancing two monovalent anionic aluminum sites (6b,c). The presence of different arrangements of univalent anionic sites, possibly far removed from one another, could lead to a reduced number of mobile cations and a reduced number of accessible hopping sites (increasing the distance between available sites, decreasing the conductivity 48 ), thereby decreasing the conductivity and increasing the hopping activation energy in zeolite X. The physical three-dimensional situation is clearly more complicated because cations will reside in the most stable coordination sites, but sites arising from zinc are, undoubtedly, electrostatically different from those arising from aluminum.
Interestingly, although it may be expected that the electrostatic interaction between divalent cationic and anion charges would lead to significantly increased transport activation energy, this is not what has been experimentally observed in VPI-9.
3.5. Powder X-ray Diffraction and EDS of M 2 ZnSi x O 2(x+1) . In the interest of comparing the conductivity of alkaliexchanged VPI-9, K-VPI-9, Rb-VPI-9, and Cs-VPI-9 microporous solids to the conductivity of dense materials with similar compositions (as a few dense, sodium containing analogs have been studied as sodium ion conductors [49] [50] [51] [52] [53] [54] ), dense zincosilicates were prepared. No phases with compositions of Rb 2 ZnSi 4 O 10 or Cs 2 ZnSi 4 O 10 (Si/Zn ) 4, like VPI-9) could be found in the literature. However, the series of M 2 ZnSi 5 O 12 (where M ) K, Rb, Cs) has been synthesized previously, 38, 40 as has the series of potassium-containing compounds K 2 ZnSi x O 2(x+1) with x ranging from 2 to 5. 38, 39, 41, 42 These materials were, therefore, prepared for comparison with VPI-9. The M 2 ZnSi 5 O 12 series was used to study the effect of the alkali cation at constant zincosilicate composition, and the K 2 ZnSi x O 2(x+1) series to investigate the effect of the Si/ Zn ratio (M 2 ZnSi 4 O 10 materials are not known for all three cations of interest, K, Rb, and Cs).
Powder X-ray diffraction patterns for the prepared dense materials are shown in Figure 7 Table  3 , and as previously mentioned, crystallized samples are slightly deficient in the alkali cations and show a surplus of oxygen. Volatilization of the alkali metal is not ruled out, but is not believed to be significant because ion-exchanged VPI-9 and zeolite X samples show a similar deficiency by EDS, and powder X-ray diffraction indicates the appropriate phases (with the exception of K 2 ZnSi 2 O 6 , for which the phase is unknown).
3.6. Ionic Conductivity in M 2 ZnSi x O 2(x+1) and Comparison to Microporous VPI-9. Conductivity values calculated from impedance spectra are presented in Figure 8a for the K 2 ZnSi x O 2(x+1) (x ) 2-5) series of solids and in Figure 8b for the M 2 ZnSi 5 O 12 (M ) K, Rb, Cs) series of materials. All samples show activated behavior, and impedance spectra (not shown) have a similar appearance to those previously shown with a high frequency semicircular arc and a low frequency tail. Within the K 2 ZnSi x O 2(x+1) (x ) 2-5) series, conductivity increases with decreasing Si/Zn, with K 2 ZnSi 2 O 6 exhibiting the highest conductivity, and K 2 ZnSi 5 O 12 , the lowest conductivity. This behavior is not surprising because the distance between zinc tetrahedra and, hence, anionic framework sites, decreases with increasing zinc content (decreasing Si/Zn), leading to shorter distances between equilibrium cation sites. Within the M 2 ZnSi 5 O 12 (M ) K, Rb, Cs) series, rubidiumcontaining samples exhibit the highest conductivity at all temperatures, followed by the potassium-containing sample, and finally, the cesium-containing sample. For comparison with microporous VPI-9 containing potassium, rubidium, and cesium cations, conductivity data and activation energy from dense and microporous samples are plotted together in Figure 9 . VPI-9 samples, indicated by the filled markers, exhibit over 4 orders of magnitude greater conductivity than their dense counterparts. Using the conductivity of K 2 ZnSi 4 O 10 at 400°C compared to the conductivity of K 2 ZnSi 5 O 12 at 400°C as an estimate for what the conductivity of hypothetical Rb 2 ZnSi 4 O 10 and Cs 2 ZnSi 4 O 10 would be if they were to exist, a factor of 4 improvement could be suggested. These hypothetical conductivities and, indeed, the conductivity of dense K 2 ZnSi 4 O 10 compared to K-VPI-9 are dramatically lower than the conductivities observed in their microporous counterparts. Figure 9b shows that the trend in conductivity with ionic radius is the same for both VPI-9 and M 2 ZnSi 5 O 12 : Rb > K > Cs. Activation energies of corresponding microporous and dense samples also show the same trend; that is, decreasing from potassium to rubidium and then increasing from rubidium to cesium. It is interesting to note that the activation energy for M 2 ZnSi 5 O 12 is nearly twice that of the respective microporous sample.
Summary
The microporous zincosilicate VPI-9 has been prepared and ion-exchanged to contain the alkali cations Li + , Na + , K + , Rb + , and Cs + and alkaline earth cations Mg 2+ , Ca 2+ , and Sr 2+ , and ionic conductivities have been measured with impedance spectroscopy. When compared to correspondingly exchanged zeolite X samples, K-VPI-9 exhibits a lower conductivity and higher activation energy, whereas Rb-, and Cs-VPI-9 have a higher conductivity and lower activation energy than rubidium-and cesium-exchanged zeolite X. Where VPI-9 is particularly interesting, however, is in its ability to transport divalent cations. Indeed, Ca-and Sr-VPI-9 show conductivity nearly 4 orders of magnitude greater than correspondingly exchanged zeolite X samples. It is suggested, therefore, that this unique property could arise from the two anionic sites created by each tetrahedral zinc framework site, which are ordered in the structure of VPI-9. Furthermore, M-VPI-9 (M ) K, Rb, Cs) possess a significantly greater conductivity and lower activation energy than dense, crystalline samples containing tetrahedrally coordinated zinc and silicon of similar silicon, zinc, and alkali metal composition. Figure 9 . Comparison of (a) ionic conductivity as a function of inverse temperature of K-, Rb-, and Cs-VPI-9 and K-, Rb-, and Cs-containing dense zincosilicates and (b) ionic conductivity at 400°C and activation energy as functions of the cation radius for the same samples.
